The safety of waste wood from construction and demolition processes must be improved so that wood chips derived from the waste wood can be recycled. Rapid assessment of the concentrations of heavy metals in these waste woods and classification of the woods according to concentration levels will facilitate recycling. In this study, X-ray fluorescence (XRF) analysis was found to be a useful method for rapid screening of metals in waste wood chips. Crushed wood, cellulose powder, and filter paper, which have a matrix similar to that of wood samples, were used as carriers for calibration standards. The metal concentrations in 36 waste wood chip samples determined by XRF using cellulose powder were closest to those determined by atomic absorption spectrometry, inductively coupled plasma-atomic emission spectrometry, or inductively coupled plasma-mass spectrometry. Cellulose powder was the most suitable standard for XRF analysis in terms of accuracy, ease of use, and consistent composition and particle size. Filter paper could also be used as a calibration standard for XRF after correction for layer thickness.
INTRODUCTION
The waste wood chips were crushed in a Wiley mill
and passed through a screen with a diameter of 1 mm.
These crushed samples were analyzed by means of chemical analysis for metals and by XRF, as described below.
Chemical Analysis
Each crushed sample (2g) was placed in a beaker with 20m g of HN03 (Kanto Kagaku Co., Japan, ultrapure-grade), and the beaker was covered with a watch glass and gently heated on a hot plate. After brownish gas generation was complete, 2.5m ¢ of HN03 and 2.5m ¢ of HC104 (Kanto Kagaku Co., ultrapure-grade) were added, and the mixture was heated until the white fumes of HC104 were generated.
Next, 2m ¢ of HCl (Kanto Kagaku Co., ultrapure-grade) and water were added to dissolve Cr, Cu, and Pb in samples for Cr, Cu, and Pb analysis and gently heated, whereas only water was added to samples for As analysis. After dilution with pure water and filtration through filter paper (5B, Advantec Inc., Japan), the sam- 
XRF Analysis
Crushed wood, cellulose powder, and filter paper standards were prepared from a commercial pine board, cellulose Powder A (100-200 mesh; Advantec Inc., Ja- For preparation of the filter paper calibration standard, an ICP analytical-grade multi-element standard solution from Spex Inc., Metuchen, NJ was directly dropped onto the filter paper and allowed to permeate the paper, which was then dried in a desiccator.
The crushed wood chip samples were placed in an iron cup with a diameter of 40 mm (the same cup used for the calibration standards) and formed under pressure (10 MPa) for 30s. These formed samples were subjected to XRF analysis using the analytical conditions shown in Table 1 . Because the Ka ray of
As overlaps with the L a line of Pb, the intensity of As was subtracted from the L a ray intensity of Pb, which was determined from the Pb L a /L 9 intensity ratio. The total analytical time required for metals with atomic number larger than that of Ti was 6 min.
RESULTS

AND DISCUSSION
Comparison of Three Standard Sample Preparation Methods in XRF Analysis Figure 1 shows a comparison of linear calibration curves for each metal as determined by XRF analysis of the standard samples prepared by the three methods. Note that the detection limits for As, Cr, Cu, and Pb using the crushed wood standard and cellulose powder standard were 5mg/kg, 5mg/kg, 2mg/kg, and 5 mg/kg, respectively; whereas the detection limits using the filter paper standard were higher: 15mg/kg for As, 10mg/kg for Cr, 10mg/kg for Cu, and 20mg/kg for Pb.
The observed slope values for the filter paper standard were lower than those of the crushed wood and cellulose powder standards, whereas the slopes for the latter two were similar to each other for all the metals. ter paper was about 0.05mm thick (much thinner than the pressed crushed wood and cellulose powder standards), we speculated that almost all the XRF originating from the metals added to the filter paper was counted. Therefore, we decided that calibration curves based on filter paper could not be used for quantitative determination of metals in wood chips without modification. The absorption of XRF by the carrier depends on the wavelength of the XRF, as well as on the depth from the sample surface, the elemental composition, Figure 2 shows the relationship between the total thickness of stacked filter papers and the XRF intensity.
The XRF intensity for Cr increased with increasing paper thickness and almost leveled off at 0.3mm or more of total filter paper thickness; the plateau value was about 2.3 times the XRF intensity for only one layer of filter paper (0.05mm in thickness). Similarly, the XRF intensity for other metals increased with increasing paper thickness and then leveled off. Table 3 shows the metal concentrations in the samples as determined by AA, ICP-AES, or ICP-MS.
The limits for wood chips used in recycled board in Germany7) are also shown. Note that the concentrations of Cr, Cu, and Pb in some samples and the con- The values for Pb, Cu, and Cr are in the ranges where we observed high correlations between the concentrations determined in waste wood chip samples by XRF and by chemical analysis (Fig. 3) . That is, Pb, Cu, and Cr analysis by XRF is applicable to the screening of the toxicity and safety of wood chips according to German standards. However, the German legal limit 
CONCLUSIONS
The applicability of XRF as a method for rapidly assessing metals in waste wood chips derived from construction and demolition processes was examined. Preparing a waste wood chip sample for analysis required only two steps: crushing and compression. Both processes are mechanical, and samples can be prepared quickly. Calibration curves between XRF intensity and the amount of metal added to crushed wood, cellulose powder, and filter paper carriers were linear for each element. Metal concentrations in waste wood chip samples determined by XRF based on cellulose powder calibration standards were close to those determined by chemical analysis for metals. Cellulose powder was the most suitable carrier for XRF analysis in terms of accuracy, ease of use, and consistent composition and particle size. Correction for the thickness of filter paper made it feasible for use as a carrier for XRF calibration standards.
We confirmed that XRF is generally applicable for rapid screening of Cr, Cu, and Pb. However, the German legal limit for As was lower than the concentrations in the waste wood chip samples analyzed in this study. Therefore, the limit of detection and the analytical sensitivity for the analysis of As by XRF willl have to be improved.
